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arian .4rbic UlliY. !){.Michigan Jamelil G Rk:hman 7~;.;ay Shtlvloll' 7o/attk1« Timko l.lniv. The new concurrent simulations demonstrate that the wavenumber spectrum of sea surface height-a measure of the energy contained in different length scales-is dominated in some locations by internal tides and in others by mesoscale eddies.
Tidal kinetic energies in the new concurrent simulations compare well with those in current-meter observations, as long as sufficient spatial averaging is performed.
The new concurrent simulations are being used in the planning of future-generation satellite altimeters, in the provision of boundary conditions for coastal ocean models, and in studies of ocean mixing.
Within an eddying Ocean General circulation Model 
TIdeS aNd GlOBal TIde MOdelING
Ocean tides result from the difference in the gravitational potential of the Moon and Sun across Earth's extent (Cartwright, 1999 (Pedlosky, 1987; Vallis, 2006) .
Early global models of the tides (e.g., Hendershott, 1972) It is therefore thought that tides exert important controls on the stratification and circulation of the deep ocean (Munk and Wunsch, 1998 Simmons et al., 2004; Hibiya et al., 2006; Simmons, 2008; Arbic et al., 2010; Niwa and Hibiya, 2011 studies, astronomical tidal forcing was the only forcing present in the model.
Due to the lack of atmospheric forcing, which sets the oceanic stratification, the oceanic stratification was assumed to be horizontally uniform. Oceanic stratification in subtropical regions was assumed to hold everywhere in the ocean and, as a result, the internal tides in polar regions in early global internal tide models were noted to be quite inaccurate (Padman et al., 2006) .
As in many subdisciplines of physical oceanography, the study of tides has been revolutionized by the advent of satellite altimetry (Fu and Cazenave, 2001 et al., 1994; Ray, 1999) compare extremely well to independent observations such as tide gauges and bottom pressure recorders (Shum et al., 1997) .
Because tides contribute about 80% of the SSH variance measured by altimeters, examination of nontidal oceanic motions in altimeter data can only take place after tides have been accurately removed from altimeter records (Le Provost, 2001 ). This illustrates a fundamental truth about the place of tides in physical oceanography: they are "signal" in many applications, and "noise" in many other applications. Satellite altimeters have also been instrumental in the study of internal tides. Although internal tides take on their greatest amplitudes at depth, their signature in altimeter data is large enough to be detectable (e.g., Mitchum, 1996, 1997) . 
GlOBal GeNer al cIrcul aTION MOdelING
With the notable exception of gravitationally forced ocean tides, the atmo- heat between the atmosphere and ocean (Yu and Weller, 2007) . Salinities in the upper ocean are set by the difference between evaporation and precipitation at the ocean surface (Yu, 2007; Schmitt, 2008) . Because the buoyancy (density) of seawater at the ocean surface is controlled by temperature and salinity, the forcing described above is known as buoyancy forcing. The atmosphere forces the ocean through pressure loading (Ponte, 1993) and wind stress (Pond and Pickard, 1983) in addition to the buoyancy forcing. Wind stress at the ocean surface drives near-inertial motions (Alford, 2003; Simmons and Alford, 2012 , in this issue), Ekman flows (Pedlosky, 1996) , and the large-scale general circulation (Pedlosky, 1996) .
Winds blowing on the sea surface also drive oceanic motions on small scales (scales from about 1 cm to about 1 km), such as capillary waves (Cox, 1958) , surface wind waves (Phillips, 1966) , and
Langmuir cells (Langmuir, 1938) . These small-scale motions, however, are not resolved in models such as HYCOM, which make the hydrostatic approximation (Pedlosky, 1987; Vallis, 2006) . (Schmitz, 1996a,b; Siedler et al., 2001 ). On timescales of about 10-200 days, these currents meander and generate highly energetic mesoscale eddies (Schmitz, 1996a,b; Stammer, 1997) , the spinning oceanic dynamical counterparts of atmospheric weather systems generated through a hydrodynamical process known as baroclinic instability (Pedlosky, 1987; Vallis, 2006) .
Because currents meander and mesoscale eddies are born and die over relatively long timescales (scales much longer than, for instance, tidal timescales), these currents and eddies are sometimes referred to as low-frequency motions. (Pedlosky, 1996) . The strongest gradients in sea surface height take place in western boundary currents such as the Gulf Stream and the Kuroshio.
The numerous small-scale features present in Figure 1c are the oceanic mesoscale eddies.
MarrIaGe OF GlOBal TIdal aNd GeNer al cIrcul aTION MOdelING
Recently 
GlOBal cOMparISON OF MOdeled INTerNal TIdeS WITh SaTellITe alTIMeTer eSTIMaTeS
We have begun to validate the internal tides in our model with a global comparison to satellite altimeter observations.
As in the previous section, we focus here on M 2 , the largest constituent of oceanic tides. We apply a 50-400 km band-pass filter to the M 2 amplitudes at the sea surface in order to remove both small- 
TIdal aNd NONTIdal cONTrIBuTIONS TO The Sea SurFace heIGhT SpecTruM
We have begun to use our model to distinguish between the high-frequency tidal and low-frequency nontidal contributions to quantities of interest such as the wavenumber spectrum of sea surface height. Because the satellite altimeter repeats tracks every 10 days, high-frequency motions such as the tides are aliased into longer periods (Parke et al., 1987) . In satellite altimeter data, therefore, it is sometimes difficult to distinguish between tidal motions and lower-frequency motions. Because our model output is written at hourly intervals, we can easily separate low-from high-frequency signals in the model.
In Figure 4 we However, internal tides will become a more important source of noise for the wide-swath altimeter mission than for previous altimeter missions. This issue is due to the much higher spatial resolution of the wide-swath mission, which will collect data at horizontal scales where the internal tides contain substantial energy.
GlOBal cOMparISON OF MOdeled TIdal curreNTS WITh curreNT MeTer OBSerVaTIONS
We have begun to compare the tidal currents in our model to those in current meter observations. The set of current meter observations we use is built upon the current meter database in Scott et al. Figure 4 . Wavenumber spectrum of total (black), high-frequency (red) and low-frequency (blue) sea surface height, where two days is the dividing point between low and high frequencies, for (a) Kuroshio region, a region of very strong low-frequency motions, and (b) region north of hawai'i, in which low-frequency motions are weaker than M 2 internal tidal motions. The two regions are delineated by the westernmost and easternmost boxes, respectively, in the North pacific in Figure 2b . Spectra are computed from a hycOM simulation containing both tides and low-frequency atmospherically forced motions. extra green lines are drawn in at the best-fit slopes of -4.38 and -3.87 over lowfrequency motions in the same wavenumber band discussed in Xu and Fu (2011) . as discussed in le Traon et al. (2008) and Xu and Fu (2011) , -11/3 and -5 slopes imply surface quasi-geostrophic and quasigeostrophic dynamics, respectively. (Bell, 1975) 
IMplIcaTIONS aNd FuTure deVelOpMeNTS
The development of a model with barotropic and internal tides embedded within an eddying ocean general circulation has opened up a host of scientific questions and applications, some of which are described in earlier sections of this paper. As discussed, the model is expected to be useful in planning for the next-generation wide-swath satellite altimeter (Fu and Ferrari, 2008) . term (Hendershott, 1972 ) is implemented in a rather crude way, using the so-called scalar approximation (Ray, 1998) , and it needs to be improved upon in future versions of the model. The frequency dependence of topographic wave drag (Bell, 1975) 
